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(54) Article comprising an improved QC laser 

(57) It has been found that previously known quan- 
tum cascade (QC) lasers have a shortcoming that sub- 
stantially decreases their usefulness as radiatbn sourc- 
es for pollution monitoring and other potential applica- 
tions that involve absorption measurements, Except at 
cryogenic temperatures, these lasers have to be driven 



in pulse mode and are inherently muitimode. We have 
now established that this shortcoming can be overcome 
by provision of appropriate distributed feedback, Result- 
ing lasers (QC-DFB lasers) can have single mode mid- 
IR output at or near room temperature, can have signif- 
icant optical power, and be continuously tunable over a 
significant spectral region. 
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Description 
Field of the Invention 

This invention pertains to quantum cascade (QC) lasers, and to apparatus and systems that comprise a QC laser 
Background 

Recently a new class of semiconductor lasers, designated "quantum cascade" or "QC" lasers was discovered 
See, for instance, US patents 5,457,709 and 5,509,025, US patent application Serial No. 08/825 286 titled "Article 
Comprising An Electric Field-Tunable Semiconductor Laser", filed March 27, 1997 by Capasso et ai and US patent 
application Serial No. 08/841 ,059, titled "Quantum Cascade Laser-,;fiied April 29, 1 997 by Capasso et al. 

QC lasers are unipolar lasers that can be designed to emit radiation at substantially any desired wavelength in a 
rather wide spectral region. Specifically, they can be designed to emit in the mid-infrared (mid-IR), a spectral req ion in 
15 which there are few convenient radiation sources. 

It is known that absorption lines of many target gases and environmental pollutants lie in the mid-IR spectral region 
e.g., between about 3 and 13 pm. This suggests that QC lasers could be advantageously used as radiat ion sources 
for absorption spectroscopy of such gases and pollutants, e.g., Jor emission monitoring or process control Such use 
would be especially desirable because at least some QC lasers can operate in the relevant wavelength region at or 
near room temperature and with relatively high output power. See, for instance, J. Faist etal.. Applied Phvsics Letters 
Vol. 68, pp. 3680,3682 (1996); and C. Sirtori et al., IEEE Photonic Technology Letters Vol 9, pp. 294-296 (i 997) 

However, we have come to realize that prior art QC lasers have a shortcoming that substantially decreases their 
usefulness as radiation sources for absorption spectroscopy and other applications. The shortcoming will be discussed 
below. 

A "quantum cascade" or "QC" laser herein is a unipolar semiconductor laser having a multilayer structure that 
forms an optical waveguide, including a core region of relatively large effective refractive index between cladding re- 
gions of relatively small effective refractive index, A cladding region will also be referred to as a "confinement region" 
The core, region comprises a multiplicity of nominally identical repeat units, with each repeat unit comprising ah active 
region and a carrier injector region. The active region has a layer structure selected to provide an upper and a lower 
carrier energy state, andsuch that a carrier transition from the upper to the lower energy state results in emission of 
a photon of wavelength I. The carrier injector region has a layer structure selected to facilitate carrier transport from 
the lower energy state of the active region of a given repeat unit to the upper energy state of the active region of the 
adjacent (downstream) repeat unit, A carrier thus undergoes successive transitions from an upper toa lower energy 
state as the carrier moves through the layer structure, resulting in the creation of a multiplicity of photons of wavelength 
x - The P noton ener SY (and thus X) depends on the structural and compositional details of the repeat units. 

Summary of the invention 

The invention is defined by the claims: We have come to realize that prior art QC lasers have a shortcoming that 
makes problematical their use as source of mid-IR- radiation for pollution monitoring and other potential applications 
thatinvolve absorption measurements. Specifically, prior art QC lasers that can be operated at or near room temper- 
ature typically have to be driven in pulsed mode and are inherently multimode. Single mode emission from QC lasers 
has so far only been achieved in continuous wave (CW) operation at cryogenic temperatures (< 140K). However, for 
many if not all of the envisaged absorption-type measurement, applications, single mode emission is a requirement 
Thus, the art. needs a QC laser capable of single mode emission of mid-IR radiation, above cryogenic temperatures 
(e.g.,.>140K s preferably > 200K such thatPeltier cooling can be used), preferably still at or near room- temperature It 
would also be desirable if the QC laser could provide significant output power, exemplahly 1 mW or more Operation 
above cryogenic temperatures obviously would be simpler, less expensive and more suitable for field use and sub- 
stantial output power for instance translates into the ability to use cheapen less sophisticated detection equipment 
Furthermore, it would be especially desirable if the single mode laser emission were continuously tunable over a sig- 
nificant wavelength region; This application discloses such QC lasers. 

We have recognized that provision of appropriate distributed feedback to a QC laser could facilitate pulsed single 
mode laser operation at or near room temperature. To the best of our knowledge, there is nothing in the prior art that 
teaches or suggests a QC laser with distributed feedback, that istosay, aQC-DFBIaser 

Of course, diode lasers with distributed feedback structures are well known. See, for instance, A J Lowery et ai 
IEEE Journal of Quantum Electronics , Vol. 30 (9), p. 2051 (1994). See also A. Rast et al.. I E E Proceedinas-ObtQeien- 
tranjcs, Vol. 142 (3), p. 162 (1995), and A. Kocket at. Applied Phvsics Letters Vol. 69 (24), p. 3638 (December 1996) 
which respectively disclose a bipolar complex-coupled DFB laser diode with a surface grating and a surface bipolar 
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emitting laser diode with a grating in the top-cladding layer, the grating facilitating coupling of the laser mode to a 
surface mode. 

Our invention is defined by the claims. It is embodied in an article (e.g., an absorption spectroscopy system) that 
comprises a QC laser. The QC laser comprises a first and a second cladding region, with a core region therebetween, 
5 and further comprises electrical contacts selected to facilitate flowing an electrical current through the laser. The core 
region comprises a multiplicity (e:g., 10 or more, typically more than 20) of essentially identical multilayer semiconductor 
repeat units selected for lasing at a wavelength X (typically in the mid-IRj ! . 

Significantly, the QC laser further comprises at least one grating structure for providing distributed feedback, the 
grating structure spaced from the core region such that electromagnetic radiation in a confined laser mode has non- 
io zero intensity (e.g., 0. 1 % or more of the peak intensity of the mode) at the grating structure, with the structure selected 
to facilitate single mode laser operation. 

Repeat units herein are essentially identical if the repeat units are nominally identical, with any differences between 
repeat units being due to, typically unavoidable, unintended variations during device manufacture. 

15 Brief Description of the Drawings 

FIG. 1 schematically shows a complex-coupled QC-DFB laser according to the; invention; 

FIG. 2 shows L-l. characteristics of an exemplary 5.4um QC-DFB laser; 

FIG. 3 shows wavelength vs. temperature data of the above exemplary laser; 
20 FIG. 4 shows a time-resolved spectrum of an exemplary laser according to the invention; 

FIG. 5 shows L-l characteristics of a further exemplary QC-DFB laser according to the invention; 

FIG. 6 shows photon energy/wavelength vs. temperature of the laser of FIG. 5; 

FIG. 7 shows L-l characteristics of a still further exemplary QC-DFB laser according to the invention; 

FIG. 8 shows photon energy/wavelength vs. temperature of exemplary QC-DFB lasers; and 
25 FIGs. 9 arid 1 0 schematically depict exemplary apparatus that comprises QC-DFB lasers according to the inven- 
tion. 

Detailed Description of Exemplary Embodiments 

30 Radiation sources for applications such as remote chemical sensing and pollution monitoring desirably have a 
linewidth that is narrower than the pressure-broadened absorption linewidth of the relevant gases at room temperature, 
typically about one wavenumber, and desirably are tunable over a few wavenumbers. The required narrow linewidths 
generally can not be attained above cryogenic-temperatures with prior art QC lasers. We will now describe novel QC 
lasers that can meet the linewidth and tuning requirements at user-friendjy temperatures, e.g., above 200K: 

35 in a first embodiment the novel laser had a layer structure, substantially as described in US patent 5,509,025 and 
J. Faist et al., Applied Physics Letters ; Vol. 66, pp. 3680-3682 (1996), dimensioned for operation at ; about 5.4 um The 
layer structure is shown in Table I, and the layer sequence of the active region (29 repeat units) is described in the 
above cited paper by Faist et al. The layer structure was grown lattice-matched on an ri-doped InP substrate by MBE, 
and included a MBE -grown InP top cladding for optimal heat dissipation. The heavily doped top InP layer served as 

40 plasmon-confining layer. See US. patent 5,502,787. 
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Composition 


Doping 


Thickness 


InP 


n = 7x10 18 cnr 3 


900 nm 


InP 


2x10 17 


1300 


InP 


5x1017 


20 


Graded 


2x10 17 


.30 


InGaAs 


1x10 17 


200 


Active region + Injector (29x) 




1310 


InGaAs j 


1x10 17 


150 


Graded 


2x10 17 


25 


InP substrate 


2x10^ 7 
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It is known that in lasers with distributed feedback, the coupling constant * quantifies the; amount of. coupling 
between the forward and backward waves traveling in the cavity. The coupling constant can be written as 



ic = ?tn 1 Xg +1^/2, 



where n r is the amplitude of the periodic modulation of the real part of the effective refractive index (n eff ) of the mode 
due to the presence of a grating of period A, is the. amplitude of the corresponding modulation of the absorption 
coefficient, a b is a wavelength determined by the Bragg condition X B = 2n eff A (for a first order grating), and i is the 
19 imaginary unit: 

For optimal performance with respect to threshold current and slope efficiency, the quantity IkLI desirably is about 
1, where L is the laser cavity length, and where the vertical bars indicate the absolute value. For 2-3 mm the laser 
desirably is designed such that lid ~J5 cnr? ; This corresponds to ry* JO* for an index-coupled device or a, - 25 
cm- 1 for a loss-coupled device. 
15 In order to provide distributed feedback, we formed a first order grating (A = 850-nm) in the top InP layer. We used 

conventional contact photolithography and wel chemical etching selected to yield a desired grating depth, exemplarily 
about 250 nm. In the grating region, the thickness of the heavily doped plasmon-conf in in g layer (900 nm thick InR see 
Table I) is periodically reduced, arid the guided mode interacts more strongly with the metal contact that is formed on 
the grating locally increasing the loss. Consequently the coupling constant is expected to be complex, with estimated 
■n, - 5xl(H and estimated ^ - 0.5-2.0 cm-V- The presence of complex coupling advantageously lifts the degeneracy 
between the two modes on each side of the Bragg stopband. 

FIG, i schematically shows an exemplary complex-coupled QC-DFB laser 10 according to the invention, Numerals 
11-13 refer to the lower confinement region, the GC active region (exemplarily 29 repeat units), and the upper confine- 
ment region, with a grating on the top surface. Numerals 14 and 15 refer to metallization layers The wavy arrows 
25 Indicate output radiation/ Numeral 16 refers to the grating. " % 

The lasers were processed in conventional fashion into ridge mesa waveguides of width 8-14 urn, and cleaved 
into bars of length 0.75-3.0 mm, with the facets left uncoated. Subsequently the lasers were mounted substrate down 
on the temperature-controlled (1 0-320K) cold head of a He flow cryostat. Measurements were made, with the lasers 
driven by 1 0-50 ns current pulses with 4.5 kHz repetition rate. 

FIG: 2 shows laser output vs. current (L-l) characteristics of an exemplary 3 mm long laser according to the inven- 
tion The laser exhibited single mode operation from 324K down to about 260K, where a second mode appeared and 
had output power >50 mW at 300K. The wavelength was 5.4 urn 

FIG. 3 shows data on wavelength vs. temperature of an exemplary 5.4 urn laser. The output frequency could be 
tuned over a wide range, approximately 700 GHz, the linewidth being about 500 MHz. The output was single mode 
oyer substantially all of the temperature range that is accessible with a thermoelectric cooler (~ 200-320K and even 
higher). 

All the 5.4 m devices tested (-10) showed single- mode operation at temperatures where the location of the 
maximum of the gain curve substantially matched the Bragg condition. In particular, operation on two modes on each 
side of the stopband was never observed. We attribute this advantageous single-mode behavior to the presence of 
loss component oh that lifts the degeneracy between these two modes, and to the low radiative efficiency of the inter- 
subband transition which efficiently suppresses non-lasing modes. By way of example, lasers as short as 500 urn lased 
on a single mode; 

Control samples withoutgrating exhibited, mult imode, performance comparable to that of prior art QC lasers 
At room temperature (e.g., 300K) the lasers according to the invention typically dissipated too much power for 
continuous wave (CW) operation: For very short current pulses (e.g., 5-10 ns) the spectra of the lasers were very 
narrow, limited by spectrometer resolution (0125 cnrr*). For longer current pulses.fe.g., 100 ns) the output spectrum 
was wider (~ 1 cnr<). We made time- resolved measurements that established that the lasers kept a narrow emission 
line, which drifted with time at the. rate of 0.03 cnrVns. It will be appreciated that the exact value of the rate depends 
on experimental conditions: FIG. 4 shows an exemplary time-resolved spectrum. 

Table II shows the layer structure of a further laser according to the invention. The core region of the laser contains 
40 repeat units of the previously described type, but scaled in energy to obtain emission wavelength of about 7-Bpm 
Specifically, the thicknesses (in nm) of the layers of one repeat unit, from top to bottom, and starting from the injection 
barrier, are: 

(4-0)/2:0/(.1.Gj/7,4/(^ andfhe 

underlined two thicknesses correspond to Si doped layers (n=2£xl.di7cnrty The compositions of barriers and wells 
are AI 0 48 ln 0;S2 As and Ga 047 ln 0 52 As, .respectively 
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Table II 
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Composition 


Doping 


Thickness 


InGaAs 


n = 1x1020 cm- 3 


10 nm 


Graded 


7xl0 18 


30 


AllnAs 


7xl0 18 


600 


AllnAs 


3x10 17 


1000 


AllnAs 


2x1017 


1000 


Graded 


2x1 0 1 7 


30 


InGaAs 


1x10 17 


200 


Active region + Injector (40x). 




1730 


InGaAs 


1x1Q 17 


300 


Graded 


2x10 17 


25 


InPsubstrate 


txlO^ 7 





A grating (A = 1250 nm) was formed by etching through the top InGaAs and graded layers into the heavily doped 
plasmon-confining layer (600 nm AljnAs), substantially as described, and the wafer was metallized in conventional 
fashion. The wafer was processed into ridge mesa waveguides and cleaved into bars, all substantially as described. 
Measurements were mad with the previously described laser. Specifically, we determined the L-l 

curve of a 2.25 mm long laser, using f/0.8 optics and a calibrated, room temperature HgCdTe detector. Exemplary 
results are shown in FIG: 5. We made spectral measurements made with a Fourier Transform Infrared Spectrometer 
with maximum resolution 0. 125 cm* 1 . The observed spectrum was single-mode, with no observable side lobes in the 
temperature range 80-31 5K. The laser was continuously wavelength tunable from X = 7.78 |im to A. = 7.93 pm by 
changing the operating temperature from 80-31 5K. The tuning mainly is due to the. change of the refractive index with 
temperature of the bulk constituents of the laser. FIG. 6 shows exemplary data on photon energy/wavelength as a 
.function of temperature. 

Table III shows the layer structure of a still further embodiment of the invention, namely, a QC-DFB laser with a 
grating in the top confinement layer, close to the active region. The coupling constant was complex.ahd indexrdomi- 
nated. The layer structure was designed for emission wavelength of about 5. 4um Manufacture of the layer structure 
involved two M BE growths. In the first growth the core region was formed. It comprises a thin (400 nm) lower InGaAs 
layer, 25 repeat units, and an upper InGaAs layer. Each repeat unit comprises a three-well vertical transition region 
and an n-doped electron injector. The transition region is designed for high temperature laser operation, substantially 
as described in J. Faist et al., Applied Physics Letters , Vol. 68, pp. 3680-3682 (1996. Specifically, the layer thicknesses 
from top to bottom of one repeat unit were (in nm) 

(5.6)/0.9/(1:5y^ The thicknesses in parentheses 

refer to the barrier layers (Albino 52 As). The wells were of composition Gao^ylnq.saAs. In the above sequence, the 
first, barrier thickness pertains to the injection barrier, and the following six thicknesses pertain to the active region of 
the repeat unit. 

In the above described exemplary embodiment the grating was formed in. the' top confinement layer. At least in 
principle it could be formed in the lower confinement layer. 



Table III 



S5 



Composition 


Doping 


Thickness 


InP 


n -7x10 18 cnr 3 


1 300 nm 


InP 


2x10 17 


1500 


InP 


5x10 17 


20 


InGaAs 


3x10 17 


200 


InGaAs 


1x10 17 


300 


Active regions and injectors (25x) 


1170 
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Table III (continued) 



Composition 


Poping 


Thickness 


InGaAs 


Tx10 17 


400 


Graded 


2x1017 


25 


InP 


2x1017 


substrate 



As can be seen from Table III. the core region of the layer structure comprises, in addition to the active regions 
and injectors, a lower and an upper InGaAs layer. These layers (also present in the lasers of Tables I and II) serve to 
improve the confinement of the optical mode. The upper InGaAs layer also serves as the host layer for the grating 

After completion of the first MBE growth, the grating with period A=850 nm was formed by conventional contact 
lithography and wet chemical etching in the upper InGaAs layer. In the second MBE growth, InP was directly grown 
on the grating. The grating strength is controlled by the grating depth and duty-cycle during etching and the reflow of 
material during the re-growth procedure. 

After completion of the second MBE growth all samples were processed into deep mesa-etched 3-14 pm wide 
ridge waveguide lasers, cleaved into bars with lengths from 1.5 to 3.0 mm. and the facets left uncoated.' Subsequently 
measurements were made substantially as described above. 

FIG. 7 shows the L-l characteristics of an exemplary (1.5mm long, substantially index-coupled) QCVDFB laser as 
described above. From our measurement results it is clear that the grating: provides strong feedback and improves 
device performance, as compared to otherwise identical devices without grating. 

FIG. 8 shows the : tuning behavior of two exemplary 1 .5 mm long substantially index-coupled lasers according to 
the invention. Otherwise identical lasers without grating showed a broadband, multiple-mode Fabry-Perot spectrum 
whereas the lasers according to the invention were single mode, with side-mode suppression ratio better than about 
30dB. 

Single mode high power output was also obtained from a QC-DFB laser according to the invention that utilized 
electron transitions from an upper mihiband to a lower miniband, substantially as disclosed in above referenced US 
patent application Serial No. 08/841 ,059 of April 29, 1 997 byCapasso et al. 

Lasers according^ the invention have properties that will, we believe, make them useful in many applications 
including applications that currently utilize lead salt lasers. By way of example, lasers according to the invention can 
be advantageously used for trace gas analysis, e.g., for environmental applications, automotive emission sensors 
combustion diagnostics, industrial process control, medical applications or collision avoidance radar for aircraft or 
automobiles. 

In general, QC-DFB lasers can advantageously be used in point sensing apparatus as well as in remote sensinq 
apparatus. 

FIG. 9 schematically depicts exemplary point sensing apparatus 90, wherein numeral 91 refers to a QC-DFB laser 
according to the invention^ Typically the laser is mounted on a temperature-controlled stage (not shown) for coarse 
wavelength tuning. Mid-IR radiation 921 from the laser passes through conventional gas cell 9 3- (optionally a multi- 
pass cell), with exited radiation 922 impinging on conventional detector 94. The electrical output of the detector is 
supplied to lock-in amplifier 95 (together with an appropriate modulation signal, e.g., a 1 .2 kHz sine wave from mod- 
ulation signal generator 983 ), and the lock-in amplifier output is supplied to computer 96 for data analysis and format- 
ting. The data is then displayed and/or stored in any suitable manner. The QC-DFB laser is pumped with an appropriate 
electrical current. For instance, a low frequency current ramp (e.g., 250 ms period) from ramp current generator 981 
short bias pulses (e.g., 5 ns pulse width, 2 us period) from bias current generator 982, and a modulation signal from 
modulation current generator 983 are supplied to combiner 93, and the resultant current ramp with superimposed 
current pulses and; sine wave is applied to the laser. The current ramp serves to sweep the laser temperature over a 
predetermined range, and the pulses cause the emission of short laser pulses: The pulse wavelength is slowly swept 
over a range of wavelengths, and absorption as. a function of wavelength is determined. Thus, the presence in the cell 
of a gas that has an absorption line in the range of wavelengths is readily detected, and the gas can be identified As 
those skilled in the art will recognize, some conventional features are not shown in FIG. 9. For instance the measure- 
ment set-up will typically be under computer control, requiring further inputs to, and outputs from, the computer. 

FIG. 10 schematically depicts an exemplary remote-sensing system 100, wherein emission source 101 (e g a 
factory) emits gaseous emission cloud 102.QC-DFB laser 103 emits mid-IR radiation 1 04 which propagates through 
the emission cloud, and is reflected (e.g., by means of a corner reflector 105), Reflected radiation 107 then is detected 
by means of detector 108: The laser can be pumped in any appropriate manner, e.g., as described in conjunction with 
FjG,9, and the detector output can be utilized in any appropriate manner, e.g., also as described above A mirror or 
other appropriate reflector can be used instead of corner reflector 105. The reflector can be on an aircraft or any 



6 



EP 0 877 454 A1 



elevated feature, including the smoke stack that is being monitored. Of course, the detector could also be on an aircraft, 
or be on an elevated feature. In general, any arrangement that results in a line-of -sight disposition of laser and detector 
is contemplated. 

The QC-DFB laser will generally be mounted in an appropriate housing for protection and control. The package 
5 will typically comprise cooling means (e.g., water cooling, thermoelectric cooling), temperature sensor means (e.g., a 
thermocouple) for use in a feedback loop for temperature control, and means for applying the pump current to the 
laser. The laser is attached in conventional fashion to the cooling means. Optionally the housing may also contain 
detector means for controlling laser output power. The housing will typically have a window that is transparent for the 
laser radiation, and will typically be evacuated or filled with inert gas. 

10 

Claims 

1 . An article comprising a quantum cascade laser (1 0) comprising a first and a second cladding region (11 , 13),. with 
is a core region (12) therebetween, and further comprising electrical, contacts (14, 15) selected to facilitate, flowing 

an electric current through the laser; 
CHARACTERIZED IN THAT 

the quantum cascade laser furthercomprises at least one grating structure for providing distributed feedback, 
the grating structure spaced from the core region such: that 5 electromagnetic radiation in a confined laser mode 
20 has non-zero intensity at the grating structure, with the grating structure selected to facilitate emission of single 
mode laser radiation. 

2. Article according to claim i> wherein the grating structure is a grating of constant periodicity A. 

25 3. Article according to claim 1 , wherein the grating structure is disposed between the core region and an upper one 
of said electrical contacts. 

4. Article according to claim 3, wherein the grating structure is disposed such that a coupling constant*: is a complex 
coupling constant. 

30 

5. Article according to claim 3, wherein the grating structure is disposed such that a coupling constant k is an index 
dominated coupling constant. 

6: Article according to claim 1 , wherein the article is a measurement system (e^g., TOG) for measuring infrared radiation 
35 absorption by a measurement species, wherein the measurement system comprises a source (e.g. , 1 03) of single 
mode infrared laser radiation (e.g., 104) comprising 

a) the quantum cascade laser of claim 1 ; and 

b) a detector (e.g., 108) for detecting the single mode infrared laser radiation alter passage thereof through a 
40 quantity of said measurement species. 

7. Measurement system according to claim 6, wherein said measurement species is a gas disposed in a measurement 
cell. 

45 8, Measurement system according to claim 6, wherein said measurement species is an unconfined gas; 

9. Article according to claim 1, further comprising a current source connected to said electrical contacts, said current 
source providing a laser-heating current to the laser such that the wavelength of the single mode laser radiation 
varies in accordance with the laser-heating current. 

so 

10. Article according to claim 9, wherein said laser-heating current comprises a current ramp of duration much greater 
than the duration of concurrently applied current pulses. 

11. Article according to claim 1, wherein said single mode laser radiation has wavelength in the approximate spectral 
55 range 3-13 urn 
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WAVELENGTH 0*n) 
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WAVENUMBER (cm -1 ) 



0 




CURRENT (A) 
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